ABSTRACT Aims To evaluate a new method for measuring haemoglobin (Hb) levels and quantifying the colour changes in the optic nerve head of multiple sclerosis (MS) patients to detect axonal loss and consequently optic disc atrophy. Material and methods 40 MS patients and 40 age and sex-matched healthy subjects were included in this prospective cross-sectional study and underwent a full ophthalmological examination, including three photographs of the optic disc. The Laguna ONhE ('optic nerve hemoglobin'; Insoft SL, Tenerife, Spain) software was used to obtain the Hb analysis in each of the 24 sectors and average Hb of optic disc photographs acquired. Reproducibility of measurements provided by Laguna ONhE program was analysed. Results MS patients showed significant reduction of optic disc Hb percentages in average Hb (58.99% in MS, 65.39% in healthy subjects; p<0.001) and in almost all analysed sectors with the largest differences in temporal sectors. Laguna ONhE program showed good reproducibility measuring Hb percentages in MS patients and healthy subjects. Conclusions Measurements of optic disc Hb levels obtained with Laguna ONhE software had good ability detecting optic atrophy and axonal loss in MS patients. This method had good reliability and is easy to implement in routine clinical practice.
INTRODUCTION
Axonal loss is detected in multiple sclerosis (MS) patients and is the main cause of disability in this neurodegenerative disease. Several studies report a correlation between axonal loss in the optic nerve of MS patients and the extent of functional disability [1] [2] [3] and the affectation in their quality of life. 4 Axonal loss can be observed in the optic nerve as a progressive pallor by fundus examination with an ophthalmoscope. However, the human eye cannot quantify axonal loss or detect it early (only when more than 50% of nerve fibres are lost, papillary atrophy can be observed).
'Laguna ONhE' (optic nerve head hemoglobin) is a new method designed by a group of ophthalmologists and engineers which allows measuring the amount of haemoglobin (Hb) at the optic nerve head (ONH) using conventional fundus colour photographs that compensates for different variables such as illumination or lens absorption and diffusion. Laguna ONhE has already been used for early diagnosis of glaucomatous optic neuropathy demonstrating high precision and reproducibility compared with classic functional and structural tests used in glaucoma, 5 but this new technology has not been previously used to analyse neuro-ophthalmological patients.
Unlike other regions of the posterior pole of the eye, the ONH contains a significant amount of just one pigment, Hb, which is responsible for this particular colour. Therefore, measuring the amount of Hb in different sectors of ONH is actually quantifying the colour changes which occur in the disc as a result of different processes, such as MS.
Blood perfusion in ONH has been measured previously and several studies have measured blood volume using reflectometry, [6] [7] [8] but these authors have not described objective and reproducible methods to measure the amount of Hb at the ONH. However, the Laguna ONhE program (Insoft SL, Tenerife, Spain) provides reproducible and objective measurements, is cheap and easy to perform, and it may be applicable in future clinical practice in ophthalmology.
Loss of ganglion cells can be detected by means of ocular imaging technologies such as optical coherence tomography (OCT). Given the value of retinal nerve fibre layer (RNFL) examination as a method of evaluation and diagnosis in MS, 9 10 the aim of this study was to investigate the ability of Laguna ONhE program detecting early axonal loss in MS patients. To the best of our knowledge, there are no studies that analyse the Laguna ONhE ability to detect changes in Hb amount in different sectors of the papilla (and therefore papillary colour changes) in patients with MS compared with healthy subjects. Our study also assessed the reproducibility of Laguna ONhE measurements in healthy and MS subjects.
MATERIALS AND METHODS
The design of the study followed the Declaration of Helsinki Principles and the study protocol was approved by the Clinical Research Ethics Committee of Aragon (Zaragoza, Spain), and informed written consent was obtained from all participants.
Subjects and measurement protocol
Required inclusion criteria were as follows: bestcorrected visual acuity of 20/40 or better, refractive error within ±5.00 dioptres equivalent sphere and ±2.00 dioptres astigmatism, and transparent ocular Editor's choice Scan to access more free content media (nuclear colour/opalescence, cortical or posterior subcapsular lens opacity <1), according to the Lens Opacities Classification System III system. 11 Exclusion criteria included previous intraocular surgery, diabetes or other diseases affecting the visual field or neurological system, and current use of medications that could affect visual function.
From June 2012 to February 2013, two independent samples of 40 consecutive healthy individuals and 40 MS patients who attended our service referred by neurologists for their annual eye examination were prospectively recruited from one ophthalmologist under the area of influence of our hospital. The diagnosis of MS was based on standard clinical and neuroimaging criteria. 12 Related medical records were carefully reviewed, including disease duration, the expanded disability status scale, disease-modifying treatments, acute MS attacks and the presence of prior episodes of optic neuritis (ON). Subjects referred for refraction who underwent routine examination without abnormal ocular findings were recruited as normal eye controls.
Two MS patients did not complete all of the required tests and were therefore excluded from further analysis. A total of 78 eyes (38 eyes of MS patients and 40 eyes of healthy subjects) of white European origin were included in the statistical analysis. One eye from each subject was randomly chosen for the study, unless only one eye met the inclusion criteria. Twelve eyes of the MS patients group (30%) presented at least one episode of ON.
All participants underwent a full ophthalmological examination, including clinical history, visual acuity, biomicroscopy of the anterior segment using a slit lamp, Goldmann applanation tonometry and ophthalmoscopy of the posterior segment.
Three photographs of the optic disc were obtained using a Canon CF 60 DSi retinograph (Canon Incorporation, Tokio, Japan) connected to a Canon EOS 1DS Mark III body camera (Canon Incorporation). The Laguna ONhE program analysed three spectral components of ONH photographs: blue, green and red. The ONH areas with high Hb content mainly reflect red light. In contrast, areas with a low Hb component reflect a lower proportion of the red component compared with the green and blue light. Using different concentrations or different thicknesses of various red blood cell dilutions, it may be established experimentally that the photographic images obtained with this technique can be used to determine the amount of Hb. 5 The Laguna ONhE software used mathematical algorithms for automatic component segmentation to perform a semiautomatic delimitation of the ONH border and to identify the central retinal vessels. Thus, two areas of the ONH were defined: the central retinal vessels and the ONH tissue itself. The result obtained for the vessels was used as the reference value for calculating the Hb content in the tissue. The image of the papilla was divided automatically into eight 45°radial sectors, and two concentric rings also were defined using 1/3 and 2/3 of disc radius, obtaining average Hb and 24 sectors as shown in figure 1 . Finally, the influence of the lens status was compensated for by analysing the differences between the green and blue components before calculating the results of the Hb amount. The blue, green and red components were assessed with an image analysis program with the Matlab image processing toolbox (The MathWorks, Incorporation, Natick, Massachusetts, USA).
Statistical analysis
All statistical analyses were calculated using SPSS (V.20.0; SPSS Incorporation, Chicago, Illinois, USA) and MedCalc (V.9.6.4.0; MedCalc Software, Mariakerke, Belgium) statistical software.
The Kolmogorov-Smirnov test was used to assess sample distribution. Hb percentage in each of the 24 sectors and the average Hb were compared between patients and healthy controls by means of a Student t test given their normal distribution. Values of p<0.05 were considered to be indicative of statistically significant differences. We then compared the percentages of Hb in each of 24 sectors and the mean Hb between MS patients with previous ON (n=12) and MS patients without a history of ON (n=26) by Mann-Whitney U test. Values of p<0.05 were considered to indicate statistically significant differences. We also calculated the Pearson correlation coefficient between LogMAR visual acuity and the percentage of Hb in each of the 24 sectors of the papilla (including mean Hb). Figure 1 The image of the papilla was divided automatically by Laguna ONhE (optic nerve head hemoglobin) device into eight 45°radial sectors, and two concentric rings using 1/3 and 2/3 of the disc radius. Laguna ONhE program analysed the amount of haemoglobin in each of these 24 sectors and the average haemoglobin.
For each parameter, the coefficient of variation (COV) was calculated as the SD divided by the average of the measurement value and expressed as a percentage. Most authors consider that methods with a COV less than 10% have high reproducibility, while a COV less than 5% indicates very high reproducibility. 13 To assess the reliability of the repeated measurements, the intraclass correlation coefficients for absolute agreement was calculated. They measure the concordance for continuous variables and correct correlations for systematic bias. The intraclass correlation coefficients interpretation that we used was slight reliability (for values between 0 and 0.2), fair reliability (for values between 0.21 and 0.4), moderate reliability (for values between 0.41 and 0.6), substantial reliability (for values between 0.61 and 0.8) and almost perfect reliability (for values of intraclass correlation coefficients higher than 0.81). 14 
RESULTS
A total of 38 eyes from relapsing-remitting MS patients and 40 eyes from healthy subjects were examined. A previous acute ON attack was reported for 12 eyes (31.6%), while 26 eyes (68.4%) were studied from patients with no history of ON. The duration of the MS ranged from 9 months to 28 years with a median of 7.33 years since diagnosis. No differences were observed between MS patients and the healthy groups in age and sex. Epidemiological and disease characteristics of patients with MS and healthy subjects are shown in table 1.
All Hb percentages were lowest in MS patients than in healthy controls and we found significant differences in average Hb and in all sectors except in 1, 2, 4, 7, 19 and 22 (T-Student, p<0.005). The main differences were found in temporal sectors of the papilla (12, 13, 14, 15, 17 and 18) , oscillating between 7.44% (in sector 14) and 9.17% of difference (in sector 15) (table 2) .
Comparison between Hb percentages in MS patients with previous ON and MS patients without previous ON by MannWhitney U test showed statistically significant differences in the Figure 2 shows, as an example, the morphology of the papilla and the corresponding pseudo-images indicating the Hb levels provided by Laguna ONhE analysis in a healthy control and a patient with MS.
The correlations between the LogMAR visual acuity and the percentage of Hb in the different sectors were statistically significant, although very slight (r range between −0.047 and −0.299).
Laguna ONhE program showed good COV and intraclass correlation coefficients in MS patients (range 5.05%-12.77% in COV, 0.795-0.979 in intraclass correlation coefficient) and healthy subjects (range 3.02%-10.22% in COV, 0.898-0.989 in intraclass correlation coefficient). The average Hb value was the parameter with the lowest variability in both groups (COV of 5.05% and 3.02% in MS patients and healthy controls, respectively, and intraclass correlation coefficient of 0.974 and 0.98, respectively). We found that the measurement variability was higher in patients with fixation or ocular movement alterations, even when the quality of the photograph was good. All parameters showed less variability in healthy eyes, as shown in table 4.
DISCUSSION
The ONH contains a significant amount of Hb pigment and its colour essentially depends on it. Systems for fundus imaging measure the amount of light reflected at different wavelengths. For example, a detector that captures three images, one centred on spectral component blue, another on green and another on red, reveals that in areas with high Hb content, most of the light reflected is red, less is green and even less is blue. In contrast, in areas with a low Hb content, green and blue light is largely reflected. Some tissue regions, which may have good perfusion such as the neuroretinal rim, reflect more green and blue than the central retinal vessels because they have less Hb. Thus, in areas with atrophy or poorly vascularised tissue, the proportion of reflected green and blue increases and is perceived in the image as whitening. This fact justifies not obtain significant differences between MS group and control group in Hb levels of the central sectors of the papilla, as are those corresponding to the physiological cup.
To obtain absolute and reproducible results for the ONH, a reference pattern is needed to compensate lens absorption and diffusion as well as change in the intensity and spectral composition of the light used for illumination. If this is not corrected, for example, in patients with cataracts, the relative redness of the image may lead to an overestimation of Hb content in the tissue. Laguna ONhE program obtained the reference value from the central retinal vessels on their way through the ONH. Hb may be measured at each point or sector of the papilla using the same formula (F) to define the chromatic characteristics of the tissue (FT) and the reference vessels (FV). The amount of Hb at each point of the tissue is expressed as: (FT/FV)×100. 15 The aim of our study was to evaluate whether optic disc photographs analysis using Laguna ONhE program is a good diagnostic marker for axonal damage in MS, by quantifying the amount of Hb in different sectors of the ONH. The calculation of the percentage of Hb is an indirect way to measure the colour of the papilla and thus to identify the areas with axonal loss or atrophy earlier and with more accuracy than fundus routine examination.
Numerous studies have demonstrated RNFL thinning in eyes with a previous episode of ON and in patients with MS who have never had an acute clinical episode of ON using OCT devices, 16 17 and it has been suggested that RNFL thickness measurement provided by digital image analysis techniques may be useful as a surrogate marker of brain atrophy in MS. 18 19 However, these technologies (such as OCT) are not available in all clinical centres. The method used in this study may be applied in all clinical centres because only a good photograph of optic nerve is necessary for image processing with Laguna ONhE software.
Based on other studies, the time required for measurements made with digital image analysis techniques to record retrograde degeneration after an inflammatory episode in the optic nerve is 6 months. 20 21 In the present study, patients with ON in the 6 months preceding the study were excluded, so all subjects were considered to have stable MS. The changes registered in optic nerve of MS patients in our study were caused only by MS-related chronic neurodegeneration, not by acute heavy axonal loss that occurs in acute relapsing ON episodes.
We found that Hb amount in each one of the 24 sectors of the papilla obtained by Laguna ONhE analysis was higher in healthy subjects than in MS patients, especially in temporal sector. A greater loss of nerve fibres in the temporal sector of papilla has been observed in neurodegenerative diseases such as MS with digital image analysis techniques. 22 We also found that the amount of Hb is reduced in patients who have had previous ON compared with those who have not, but further studies with a larger sample size are needed to confirm this result. We found no correlation between the amount of Hb in the optic disc and the visual acuity of the subjects.
The Laguna ONhE program is also being used in the study of glaucoma with promising results compared with other structural and functional tests used to monitor glaucoma progression, as González de la Rosa et al 5 recently demonstrated. The present study, based on the findings of Gonzalez de la Rosa et al, evaluates the clinical application of this software to evaluate other optical neuropathies caused by neurodegenerative diseases such as MS, in which the optic nerve digital imaging analysis had demonstrated its utility to detect axonal loss and correlation with functional status of these patients. [1] [2] [3] [4] Laguna ONhE seems to be useful in other pathologies or researches, for example, in patients with sleep apnoea 23 24 and other optic neuropathies with perfusion anomalies or optic disc atrophy.
The analysis of the Hb content in ONH photographs using Laguna ONhE provided useful and reproducible information about the change in colour of the papilla secondary to RNFL loss. This method detects the paleness due to optic atrophy and it can quantify it. Nevertheless, the high variability of normal human optic disc morphology (different disc sizes and distribution of the RNFL bundles in the ONH), as well as refractive errors, poor fixation and eye movements, may affect measurement accuracy. Clinicians should take into account this limitation when using this method, as well as other digital image analysis technologies.
Longer studies with larger samples are needed to assess the ability of Laguna ONhE program as a new biomarker of neurodegeneration in MS. Our findings suggest an important clinical application but they should be confirmed and extended for other ophthalmological diseases causing axonal loss in the optic disc.
